Background: Maternal overweight and obesity increase risks of pregnancy and delivery complications and neonatal mortality, but the mechanisms are unclear. The objective of the study was to investigate associations between maternal body mass index (BMI) in early pregnancy and severe asphyxia-related outcomes in infants delivered at term ($37 weeks).
Introduction
The obesity epidemic continues to expand globally and WHO projects that 2.3 billion adults will be overweight and 700 million will be obese by 2015 [1] . The prevalence of obesity in pregnancy is high [2] . Maternal overweight and obesity increase the risks of pregnancy and delivery complications [3] [4] [5] [6] [7] , as well as neonatal and infant mortality [3, 8] , but the mechanisms underlying these associations are uncertain.
Conventionally, the physical condition of the newborn is assessed using the Apgar scores at 1, 5, and 10 minutes after birth. Low Apgar scores indicate depressed vitality and are a useful tool for prediction of adverse neonatal and long term outcomes [9] [10] [11] [12] . Although there are a number of possible causes of low Apgar scores [13, 14] , among term infants without malformations the vast majority of cases with Apgar scores between 0 and 3 at 5 minutes are due to perinatal asphyxia [15] . Previous studies on offspring of women with overweight and obesity found increased risks of Apgar ,7 at 1 or 5 minutes [16] [17] [18] . It is well recognized that the risk of asphyxia-related complications and long term neurological sequelae is increased in infants with an Apgar score 0-3 compared with an Apgar score 4-6 recorded at 5 or 10 minutes, respectively [11, 19] . Furthermore, the predictive value of a low Apgar score is greater at 10 minutes than a similar Apgar score at 5 minutes [19] . An Apgar score 0-3 at 5 minutes is one of the essential criteria for the presence of perinatal asphyxia as stated by the American Academy of Obstetrics and Gynecology and the American Academy of Pediatrics [20] .We have only identified two studies investigating risks of Apgar scores 0-3 at 5 minutes in women with overweight or obesity [21, 22] . In these studies, which included preterm infants and infants with congenital anomalies, maternal obesity was related to low Apgar scores at 5 minutes. Compared with infants of normal weight women, infants of obese mothers are more likely to suffer traumatic delivery, to be large-for-gestationalage (LGA) and in need of neonatal intensive care [6] . Given that LGA infants born at term face an increased risk of infant mortality due to birth asphyxia [23] , it is of interest to explore whether maternal overweight and obesity is associated with increased risks of asphyxia-related morbidity in term infants.
We aimed to investigate associations between maternal overweight and obesity and risks of low Apgar scores in a nation-wide cohort study including more than 1.7 million infants born at term in Sweden. We also analyzed maternal overweight and obesity in relation to risks of other severe asphyxia-related conditions; i.e., meconium aspiration and neonatal seizures. We hypothesized that the risks of severe birth asphyxia-related complications would increase with maternal body mass index (BMI).
Methods
This study was approved by the research ethics committee at Karolinska Institutet, Stockholm, Sweden (number 2012/4:9).This national cohort study was based on data from the Swedish Medical Birth Register (MBR). The registry includes data on more than 98% of all births in Sweden since 1973. The registry is submitted every year to the National Board of Health and Welfare for quality control. In the latest extensive validation it was concluded that coverage and validity of most variables were high [24] . Starting at the first prenatal visit (generally at 8 to 12 weeks of gestation), information is prospectively recorded on maternal socio-demographic factors, maternal and infant anthropometry, and Apgar scores (at 1, 5, and 10 minutes), using standardized antenatal, obstetric, and neonatal forms. Pregnancy, delivery, and neonatal complications are recorded by the woman's and infant's physician, respectively. Diagnoses are classified according the Swedish version of the International Classification of Diseases (ICD). The ninth version (ICD-9) was used from 1992 through 1996, and the tenth version (ICD-10) has been used thereafter. Information is forwarded to the MBR when the mother and infant are discharged from hospital. According to Swedish law we are not able to share the register data used in this study with other researchers.
Study Population
Between 1992 and 2010, the MBR contains information on 1,926,778 births. After excluding stillbirths (n = 6,218), multiple births (n = 56,792), preterm births (before 37 completed gestational weeks, n = 93,931), records with missing data on gestational age (n = 2,020), or incomplete maternal identification number (n = 3,414), the cohort included 1,764,403 live singleton infants delivered at term ($37 completed weeks). The study population included infants with Apgar scores recorded at 1 and 5 minutes (n = 1,752,144, corresponding to 99% of the cohort).
Definition of Outcome
Among infants with complete information on Apgar scores at 1 and 5 minutes (n = 1,752,144), information on Apgar score at 10 minutes was available in 1,625,210 (93%). In this group with complete information on Apgar scores at all time points there were 1,475,047 infants with an Apgar score of at least 9 at 1 and 5 minutes; Apgar score at 10 minutes was 10 in 1,447,570 infants (98.1%), 4-9 in 25,776 infants (1.7%, of which 25,444 had an Apgar score of 9), and 0-3 in 1,701 infants (0.1%). To minimize the number of infants with missing information on Apgar score at 10 minutes, infants with missing data on Apgar at 10 minutes were given a value of four to ten points if Apgar scores at 1 and 5 minutes were both at least nine. This transformation reduced the number of missing values for Apgar at 10 minutes from 7.2% (n = 126,934) to 0.58% (n = 10,191) and decreased the possibility of overestimating rates of low Apgar score at 10 minutes in relation to maternal overweight.
Low Apgar score 5 minutes (0-3), was defined as an Apgar score of 0-3 at 1 and 5 minutes, and an Apgar score of 4-10 at 10 minutes. Low Apgar score at 10 minutes (0-3) was defined as Apgar score of 0-3 at 1, 5, and 10 minutes. Thus, in the group of infants with Apgar scores between 0-3 at 5 minutes, we did not include infants with Apgar scores between 0-3 at 10 minutes. Diagnosis of meconium aspiration was based on ICD-9 code 770.1 and ICD-10 code P.24.0, and diagnosis of neonatal seizures was based on ICD-9 code 779.0 and ICD-10 code P 90.
Exposure
Maternal weight was measured in light indoor clothes and maternal height was self-reported at the first antenatal visit, occurring within the first trimester in 90% of all pregnancies. BMI was calculated as weight in kilograms divided by the square of the height in meters. Using the WHO criteria, women were categorized as underweight (BMI ,18.5), normal weight (BMI 18.5-24.9), overweight (BMI 25-29.9), obesity grade I (BMI 30-34.9), obesity grade II (BMI 35-39.9), and obesity grade III (BMI $40). In order to explore linear relationships between the exposure and outcome variables, all analyses were also performed with BMI as a continuous variable.
Of all term births (n = 1,752,144), information on maternal BMI was available in 86% (n = 1,512,506). Selection bias might occur if the groups of women with and without information on BMI differ from each other. To ascertain whether this might be the case, we investigated a subsample of women with two consecutive singleton births between 1992 and 2010. In the first pregnancy, 435,935 women had information on BMI. In second pregnancy, the distribution of overweight and obesity classes I, II, or III among these women was 25.1%, 7.5%, 2.2%, and 0.7%, respectively. Among women with missing information on BMI in first pregnancy (n = 75,428), corresponding rates in second pregnancy were 24.5%, 7.2%, 2.1%, and 0.8%, respectively.
Socio-demographic and Obstetric Covariates
Information on maternal age, height, self-reported parity, and smoking habits was collected at the first prenatal visit. Using each person's unique identification number, information on maternal country of birth and level of education was obtained by individual record linkage between the MBR and the Swedish Population Register and the Education Register, respectively. We identified women with obesity-related complications, including pregestational hypertension (ICD-9 codes 401-405, 642C, 642H and ICD-10 codes I10-I15, O10, O11), pregestational diabetes (ICD-9 codes 250, 648A, and ICD-10 codes E10-E14, O240-0243), gestational diabetes (ICD-9 code 648W, ICD-10 code O244), and preeclampsia (ICD-9 codes 642E-642G and ICD-10 codes O14, O15). We also identified infants with any congenital anomalies (ICD-9 codes 744-759 and ICD-10 codes Q00-Q99), but from this group we excluded infants with minor malformations, including undescended testicle, preauricular appendage, congenital nevus, and hip dislocation. Information on gestational age was generally based on an early ultrasonic scan, offered to all pregnant women in Sweden. Ninety-five percent of the women accept this offer, and the scan is generally performed at 16 to 18 weeks of gestation [25] . When information from an ultrasonic scan was not available, gestational age was estimated based on date of last menstrual period.
Statistical Analyses
Rates of Apgar scores 0-3 at 5 and 10 minutes, meconium aspiration, and neonatal seizures were calculated as the proportion of infants with these outcomes in the study population. Logistic regression analyses were performed to estimate the risk of neonatal complications in different maternal BMI categories (underweight, overweight, and obesity grade I-III) as compared with normalweight women. The analyses were also performed with BMI as a continuous variable. In all analyses, the generalized estimating equation method was applied to correct for repeated pregnancies, using the GENMODE procedure. In the multivariable analyses, estimates were adjusted for maternal height, age, parity, smoking in early pregnancy, level of education, mother's country of birth, Both models are adjusted for maternal country of birth, smoking in early pregnancy, education, parity, height, maternal age, and year of infant birth. Number of births included in the analysis was for Apgar score 0-3 at 5 minutes: crude model n = 1,512,506 births, model 1 n = 1,462,187 births, and model 2 n = 1,374,148 births. For Apgar score 0-3 at 10 minutes, the corresponding numbers were n = 1,504,050; n = 1,451,501; and n = 1,366,720, respectively. and year of infant birth. These variables were categorized and entered in the model as listed in Table 1 . In a second multivariate model, odds ratios were also adjusted for mode of delivery. To explore potential contributions of maternal obesity-related diseases and congenital malformations, all analyses were repeated after excluding infants of women with chronic hypertension, preeclampsia, pregestational or gestational diabetes, and infants with malformations. All analyses were performed using SAS software package version 9.3 (SAS Institute, Inc.).
Results
The total number of infants who had a low Apgar score (0-3) at 5 minutes and at 10 minutes were 1,380 (absolute risk 0.8 per 1,000) and 894 (absolute risk 0.5 per 1,000), respectively ( Table 1) . The majority of infants with Apgar 0-3 were born to mothers with normal weight. Rates of low Apgar score at 5 and 10 minutes increased with maternal BMI. Rates of low Apgar score at 5 minutes increased from 0.4 per 1,000 among infants of underweight women (BMI ,18.5) to 2.4 per 1,000 among infants of women with obesity class III (BMI $40). The rates of low Apgar scores were increased in infants of mothers who were older ($35 years), primiparous, had chronic hypertension, preeclampsia, pregestational or gestational diabetes. Rates of low Apgar scores at 5 minutes did not differ between smokers and non-smokers and rates at 10 minutes were only slightly higher in smokers. Rates of low Apgar scores at 5 minutes were lower in underweight women (0.4%) as compared with women of normal weight (0.6%). Of all infants with Apgar 0-3 at 5 minutes, 298 of 1,380 (17%) also had a diagnosis of meconium aspiration and/or neonatal seizures. Among infants with Apgar 0-3 at 10 minutes, the corresponding number and proportion of infants with meconium aspiration and/ or neonatal seizures were 167 of 894 (19%).
The risks of low Apgar scores increased with maternal BMI (Table 2) . Compared with infants of women of normal weight (BMI 18.5-24.9), the risks of low Apgar scores increased with maternal BMI (Table 2) ,demonstrating a linear relationship between the exposure and outcome. Overweight (BMI 25.0- 29.9) was associated with a 55% increased risk of low Apgar scores at 5 minutes; obesity grade I (BMI 30-34.9) and grade II (BMI 35.0-39.9) with an almost 2-fold and a more than 2-fold increased risk, respectively; and obesity grade III (BMI $40.0) with a more than 3-fold increase in risk ( Table 2 , adjusted model 1).
Corresponding increments in risks of low Apgar scores at 10 minutes were only slightly lower. Overweight was associated with a 32% increased risk of low Apgar scores at 10 minutes, obesity grade I (BMI 30-34.9) and obesity grade II (BMI 35.0-39.9) with more than 50 and 80% increments in risk, respectively. Obesity grade III (BMI $40) was associated with a three and a half times increased risk (Table 2 , adjusted model 1). Excluding women with obesity-related diseases (chronic hypertension, preeclampsia, pregestational or gestational diabetes) and infants with malformations from the analyses did not substantially change these risk estimates (Table 2 , adjusted models 2). The risks of meconium aspiration and neonatal seizures also increased with maternal BMI (Table 3) . Compared with infants of normal weight women, there was approximately a 50% risk increase of meconium aspiration and neonatal seizures in infants of overweight mothers, and corresponding risks were almost doubled in infants of mothers with obesity grade I. Infants of mothers with obesity grade II or III faced a tripled risk of meconium aspiration. In addition, obesity grades II and III were related to doubled and quadrupled risk of neonatal seizures, respectively (Table 3 , adjusted models 1). Repeating the analyses in a subsample of women without obesity-related diseases and with infants without malformations did not change these results (Table 3 , adjusted model 2). Finally we investigated whether mode of delivery influenced the associations between maternal BMI and risks of low Apgar scores (Table 4) , meconium aspiration, and neonatal seizures (Table 5) . However, when we also adjusted for mode of delivery, the BMI related risks were only slightly attenuated (Tables 4 and 5) .
Discussion
This population-based cohort study of more than 1.7 million births clearly demonstrates that maternal overweight and obesity is associated with increased risks of low Apgar scores (0-3) at 5 and 10 minutes, meconium aspiration, and neonatal seizures in term infants. The risks of all outcomes increased with maternal BMI category in a dose-response pattern.
To our knowledge, this is the first study to investigate risks of severe asphyxia-related complications in relation to maternal BMI in a cohort of term infants without malformations. Obesity-related diseases that may increase the risks of low Apgar scores, fetal hypoxia, and related complications include preeclampsia and diabetes [26, 27] . Maternal obesity also increases risks of some congenital anomalies [28] , which are associated with increased risks of asphyxia-related neonatal complications [14] . However, excluding infants born to mothers with diabetes or preeclampsia and infants with congenital anomalies did not substantially change the risks associated with overweight/obesity, suggesting that high maternal BMI has an independent negative impact on birth asphyxia.
The increased risks of perinatal asphyxia-related complications in term infants of obese mothers may partly be attributed to shoulder dystocia [15] and otherwise traumatic labor due to fetal macrosomia, both conditions being more frequently seen in obese women [6] . Fetal hyperinsulinemia is another possible contributing factor to the increased risks of birth asphyxia in offspring of obese mothers. In offspring of obese mothers without diabetes, a strong association between increasing maternal BMI and fetal hyperinsulinemia was recently demonstrated [7] . Maternal obesity is associated with insulin resistance [29] , which enhances nutrient transfer across the placenta and induces fetal hyperinsulinemia, which in turn may lead to chronic fetal hypoxia.
A strong correlation (r 2 = 0.84) has been reported between BMI in early pregnancy and fat mass [30] . Total fat mass, including visceral fat mass, increases in pregnancy, especially in overweight and obese women [31] . Visceral fat mass is associated with insulin resistance, inflammation [32] , and increased levels of nonesterified fatty acids in the circulation, which may lead to lipotoxicity [33] . Lipotoxicity in turn induces oxidative stress and endothelial dysfunction in both maternal and placental tissues with decreased trophoblast invasion and altered placental metabolism [33] . Obesity is also associated with an increased risk of thrombosis during pregnancy [34] and a state of inflammation in the placenta [35] , both of which may reduce placental blood flow. It is possible that altered metabolism, inflammation, and endothelial dysregulation in placental tissues may contribute to the increased risk of birth asphyxia in offspring of obese women. It has also been demonstrated that pregnancies complicated by obesity are associated with increased risk of cord coiling, a risk factor for fetal distress [36] , which may lead to birth asphyxia. In addition to regression models used in Table 3 , odds ratios are further adjusted for mode of delivery. doi:10.1371/journal.pmed.1001648.t005
The strengths of the present study include the large number of births, enabling analyses of risks in relation to a large range of BMI values above the normal, also including the most severe forms of obesity. The population-based study design, with prospectively collected data, limits the risks of selection and information bias. Finally, we were able to adjust for potential key confounders.
Some study limitations should be noted. Perinatal asphyxia is commonly defined as the presence of arterial cord pH#7.0 and Apgar scores 0-3 at 5 minutes. In the absence of data on arterial cord pH, we used Apgar scores 0-3 at 5 and 10 minutes as asphyxia-related outcomes. Low Apgar scores at 5 and 10 minutes are associated with increased risks of long term neurological sequelae [9, 11, 12] . In term infants, a low Apgar score (0-3) at 5 minutes is associated with an 8-times higher risk of neonatal mortality than cord blood acidosis [10] . Other causes of low Apgar scores, besides birth asphyxia, include preterm delivery and congenital conditions and malformations [14] . However, by only including term infants and excluding infants with malformations in the analyses, we have likely reduced the number of infants with low Apgar scores for reasons other than birth asphyxia. We lack information about obstetric and neonatal interventions, potentially influencing Apgar scores and neonatal morbidity.
Overweight women of reproductive age tend to slightly overreport their height and under-report their weight. In the present study, BMI was calculated from self-reported height but on measured weight, which is an advantage over self-reported weight. Self-reporting errors in height may, if anything, have led to an underestimation of risks associated with maternal overweight and obesity. Information on early pregnancy BMI was missing in 14% of mothers giving birth to singleton infants at term. We believe that the possibility of selection bias due to missing data on BMI was small as women with two pregnancies in the dataset had the same distribution of BMI in the second pregnancy, regardless of having BMI recorded or not in the first pregnancy. Furthermore, in offspring of women with missing data on pregnancy BMI, rates of low Apgar scores at 5 and 10 minutes were in the same range as for offspring of normal or overweight women. As information on gestational weight gain was only available in a subset of the population, weight gain was not included in the analyses. However, in a recent Cochrane review it was concluded that abnormal weight gain in pregnancy was associated with increased risks for abnormal fetal growth and preterm delivery, whereas evidence for a negative impact on risks of other neonatal complications was weak [37] . A Swedish study demonstrated that abnormal weight gain during pregnancy (,8 kg or .16 kg) did not significantly alter the risk of low Apgar scores in offspring of women with overweight and different degrees of maternal obesity [17] .
All pregnant women in Sweden are screened for gestational diabetes, based on repeated random urine and capillary plasma glucose. In spite of this, we cannot exclude that there were undiagnosed cases of gestational diabetes. However, excluding women with known pregestational and gestational diabetes from the analyses did not reduce obesity-related risks of asphyxia-associated complications. Information about maternal smoking was based on self-report at the first visit to antenatal care, and the validity of selfreported smoking in early pregnancy in Sweden is acceptable [38] .
In summary, this population-based cohort study from Sweden clearly demonstrates increased risks of perinatal asphyxia-related complications with increasing maternal BMI in infants delivered at term. Given the high prevalence of maternal overweight and obesity in many countries and the severity of the outcomes studied, the results are of potential public health relevance and should be confirmed in other populations. Our results suggest that early detection of perinatal asphyxia is particularly relevant among infants of obese women. Prevention of overweight and obesity in women of reproductive age is an important strategy to improve perinatal health.
Editors' Summary
Background Economic, technologic, and lifestyle changes over the past 30 years have created an abundance of cheap, accessible, high-calorie food. Combined with fewer demands for physical activity, this situation has lead to increasing body mass throughout most of the world. Consequently, being overweight or obese is much more common in many highincome and low-and middle-income countries compared to 1980. Worldwide estimates put the percentage of overweight or obese adults as increasing by over 10%, between 1980 and 2008. As being overweight becomes a global epidemic, its prevalence in women of reproductive age has also increased. Pregnant women who are overweight or obese are a cause for concern because of the possible associated health risks to both the infant and mother. Research is necessary to more clearly define these risks.
Why Was This Study Done? In this study, the researchers investigated the complications associated with excess maternal weight that could hinder an infant from obtaining enough oxygen during delivery (neonatal asphyxia). All fetuses experience a loss of oxygen during contractions, however, a prolonged loss of oxygen can impact an infant's long-term development. To explore this risk, the researchers relied on a universal scoring system known as the Apgar score. An Apgar score is routinely recorded at one, five, and ten minutes after birth and is calculated from an assessment of heart rate, respiratory effort, and color, along with reflexes and muscle tone. An oxygen deficit during delivery will have an impact on the score. A normal score is in the range of 7-10. Body mass index (BMI) a calculation that uses height and weight, was used to assess the weight status (i.e., normal, overweight, obese) of the mother during pregnancy.
What Did the Researchers Do and Find? Using the Swedish medical birth registry (a database including nearly all the births occurring in Sweden since 1973) the researchers selected records for single births that took place between 1992 to 2010. The registry also incorporates prenatal care data and researchers further selected for records that included weight and height measurement taken during the first prenatal visit. BMI was calculated using the weight and height measurement. Based on BMI ranges that define weight groups as normal, overweight, and obesity grades I, II, and III, the researchers analyzed and compared the number of low Apgar scoring infants (Apgar 0-3) in each group. Mothers with normal weight gave birth to the majority of infants with Apgar 0-3. In comparison the proportion of low Apgar scores were greater in babies of overweight and obese mothers. The researchers found that the rates of low Apgar scores increased with maternal BMI: the authors found that rates of low Apgar score at 5 minutes increased from 0.4 per 1,000 among infants of underweight women (BMI ,18.5) to 2.4 per 1,000 among infants of women with obesity class III (BMI $40). Furthermore, overweight (BMI 25.0-29.9) was associated with a 55% increased risk of low Apgar scores at 5 minutes; obesity grade I (BMI 30-34.9) and grade II (BMI 35.0-39.9) with an almost 2-fold and a more than 2-fold increased risk, respectively; and obesity grade III (BMI $40.0) with a more than 3-fold increase in risk. Finally, maternal overweight and obesity also increase the risks for seizures and meconium aspiration in the neonate.
What Do These Findings Mean? These findings suggest that the risk of experiencing an oxygen deficit increases for the babies of women who are overweight or obese. Given the high prevalence of overweight and obesity in many countries worldwide, these findings are important and suggest that preventing women of reproductive age from becoming overweight or obese is therefore important to the health of their children. A limitation of this study is the lack of data on the effects of clinical interventions and neonatal resuscitation efforts that may have been performed at the time of birth. Also Apgar scoring is based on five variables and a low score is not the most direct way to determine if the infant has experienced an oxygen deficit. However, these findings suggest that early detection of perinatal asphyxia is particularly relevant among infants of overweight and obese women although more studies are necessary to confirm the results in other populations.
Additional Information. Please access these Web sites via the online version of this summary at http://dx.doi.org/10. 1371/journal.pmed.1001648. 
